Introduction
============

Magnesium (Mg) is an essential macronutrient for plants. Being the most abundant free divalent cation in living cells, Mg^2+^ serves as a counter ion for nucleotides and a central metal for chlorophylls, and acts as a cofactor for many enzymes in catalytic processes. Mg^2+^ also contributes to membrane stabilization and active conformation of macromolecules ([@B31]). Both low and high levels of Mg present in the soil are deleterious to plant growth, thus affecting crop production. Due to unbalanced application of chemical fertilizers, plants may exhibit Mg deficiency symptoms in the presence of high levels of other cations such as calcium (Ca^2+^) and potassium (K^+^) in the soil ([@B13]). Moreover, excessive aluminum (Al^3+^) in acidic soils or other heavy metals severely inhibit the uptake of Mg^2+^, resulting in Mg deficiency in the plants. These problems lead to reduction in crop yield as well as higher susceptibility to some plant diseases. On the other hand, high levels of Mg are found in serpentine soils featuring a low Ca/Mg ratio ([@B1]). Genome sequencing of *Arabidopsis lyrata* plants grown in serpentine or non-serpentine habitats has identified a number of polymorphisms associated with Ca^2+^ and Mg^2+^ transport ([@B36]). Although it is critical for plant cells to maintain an optimal Mg^2+^ level for normal growth and development, the transport and regulatory mechanisms that govern Mg^2+^ acquisition, distribution, and reallocation are poorly understood ([@B34]).

In bacterial cells, there are at least three distinct types of membrane proteins CorA, MgtE, and MgtA/B that are capable of transporting Mg^2+^. While the MgtE channel and the P-type ATPases MgtA/B do not seem to have any close homologs in plants, there is a major family of Mg^2+^ transporters (MGTs) related to bacterial CorA proteins ([@B17]). They are also named as "MRS2s" based on the ability to rescue the yeast *mrs2* mutant lacking the Mrs2 protein, a yeast homolog of CorA-type transporter that mediates Mg^2+^ transport into the mitochondrial matrix ([@B29]). The CorA-family proteins feature a unique topology with two closely spaced, C-terminal transmembrane (TM) domains, the first of which contains a conserved GMN (Gly-Met-Asn) tripeptide motif that is essential for Mg^2+^ transport ([@B33]). Crystal structure of the *Thermotoga maritima* CorA establishes the protein as a pentameric cone-shaped ion channel ([@B10]; [@B20]).

Several members of the *Arabidopsis* MGTs facilitate Mg^2+^ transport in bacteria or yeast ([@B17], [@B18]; [@B22], [@B21]; [@B12]). Genes coding for MGT-type transporters are widely expressed in various plant tissues and cell types in *Arabidopsis* ([@B17]; [@B12]) and the proteins are targeted to plasma membrane or intracellular membranes, implicating MGT members functioning in Mg^2+^ transport across multiple cellular membranes. MGT1 is mainly expressed in the root hair and the elongation zone as well as the vascular tissues and leaf trichomes ([@B12]), suggesting a potential role in Mg^2+^ translocation in these particular cell types. MGT2 and MGT3 are associated with vacuolar membrane and possibly involved in Mg^2+^ homeostasis in leaf mesophyll cells ([@B7]). Quite a few MGTs including MGT4, MGT5, and MGT9 are highly expressed in pollen and anther cells, and are required for plant reproduction, suggesting that active Mg^2+^ transport is critical for pollen development ([@B18], [@B16]; [@B2]; [@B38]). MGT10 is localized in the chloroplast envelope, and is strongly expressed in the rosette and cauline leaves, indicating its possible function in Mg^2+^ translocation into chloroplasts ([@B9]). Indeed, two recent studies confirmed that mutant plants lacking MGT10 show defects in chloroplast development and plant photosynthesis ([@B19]; [@B32]). In rice, OsMGT1 is localized to the plasma membrane and its rapid up-regulation upon Al^3+^ stress confers Al^3+^ tolerance on rice plants as a result of enhanced Mg^2+^ uptake ([@B4]). Interestingly, OsMGT1 plays a role in rice salt tolerance possibly through activating the transport activity of OsHKT1;5 ([@B3]).

Among all the MGT-type Mg^2+^ transporters in *Arabidopsis*, MGT6 and MGT7 are thought to be more directly involved in controlling cellular Mg^2+^ homeostasis because impairment of MGT6 or MGT7 function renders *Arabidopsis* plants hypersensitive to low-Mg conditions ([@B12]; [@B21]; [@B25]). MGT6 appears to be localized to the plasma membrane and mediate the high-affinity Mg^2+^ uptake via roots ([@B21]). Consistent with this role, expression of *MGT6* is dramatically up-regulated at the transcriptional level when external Mg^2+^ becomes limited ([@B21]). MGT7 is preferentially expressed in roots, and also plays an important role for plant adaptation to low-Mg conditions although the mechanism is not clear ([@B12]). In this study, we showed that MGT6 is equally important for controlling plant Mg^2+^ homeostasis under normal and high-Mg conditions. We uncovered a shoot-based mechanism that underlies MGT6 function in detoxifying excessive Mg^2+^, in addition to its role in root Mg^2+^ uptake under Mg-limited conditions. Furthermore, by analyzing the *mgt6 mgt7* double mutant, we showed that these two Mg^2+^ transporters MGT6 and MGT7 play an overlapping role in maintaining essential Mg^2+^ homeostasis under a wide range of external Mg^2+^ concentrations.

Materials and Methods {#s1}
=====================

Plant Materials and Growth Conditions
-------------------------------------

*Arabidopsis thaliana* ecotype Col-0 was used in this study. T-DNA insertional mutant lines were obtained from the *Arabidopsis* Biological Resource Center. The seed stock IDs are as follows: SALK_205483 (*mgt6*) and SALK_064741 (*mgt7*). The double mutant *mgt6 mgt7* was generated by crossing *mgt7* to *mgt6* mutant, and progeny of F2 generation was screened for double homozygous mutations in *MGT6* and *MGT7* using a PCR-based genotyping approach.

Wild-type and mutant plants were grown in the soil at 22°C under the 16-h-light/8-h-dark condition in the greenhouse. Hydroponically grown plants were generally kept in the 1/6 strength MS solution under the short-day condition (8-h-light/16-h-dark) in the greenhouse. Fresh liquid solutions were replaced twice a week.

Phenotypic Assays
-----------------

*Arabidopsis* seeds of different genotypes were sterilized with 10% bleach for 5 min and washed in sterilized water for 3 times. Seeds were sown on the solid plates supplemented with different concentrations of Mg^2+^. The basal medium contained 1/6 strength of MS salt ([@B24]) in which MgSO~4~ was replaced by the K~2~SO~4~. Different concentrations of MgCl~2~ were added as the Mg^2+^ source. After 2-day stratification at 4°C, plates were vertically grown at 22°C in the growth chamber.

For the post-germination assay, seeds were first sown on MS medium solidified with 1% phytoagar. After germination, 5-day-old seedlings were transferred onto 1/6 Mg^2+^-free MS medium (containing 1% sucrose, pH = 5.8, solidified with 0.8% agarose) supplemented with Mg^2+^ at the indicated concentrations.

For phenotypic assay in the hydroponics, 7-day-old seedlings were transferred to liquid solutions containing 1/6 MS salts supplemented with 1.25 mM MgSO~4~. After 2-week culture, the plants were treated with solutions containing different concentrations of Mg^2+^.

Functional Complementation
--------------------------

For complementation of the *mgt6* mutant, a 3.5-kb genomic fragment including the *MGT6* coding region as well as 1.5 kb of the 5′ flanking DNA upstream of the starting codon was amplified by PCR from *Arabidopsis* genomic DNA with forward (5′-ACGGATAAATGTGGGGATGCTTG-3′) and reverse (5′-CCAAATCAAATCAACCCATAAAC-3′) primers. The PCR product was cloned into the SmaI site of the binary vector pCAMBIA1300. After sequencing, the construct was transformed into *Agrobacterium tumefaciens* strain GV3101 and introduced into *mgt6* mutant plants by the floral dip method ([@B6]). Transgenic seeds were screened on MS medium supplemented with 25 mg/L hygromycin. Resistant seedlings were transplanted to soil and grown in the greenhouse for seed propagation. T3 homozygous transgenic plants were subject to gene expression analysis and phenotypic assays together with wild-type plants and *mgt6* mutants.

RNA Isolation and Gene Expression Analysis
------------------------------------------

Total RNA was extracted from plant materials using the TRIzol reagent (Invitrogen). After being digested by DNase I (Invitrogen) to decontaminate DNA, cDNA was generated from RNA samples at 42°C using SuperScript II reverse transcriptase (Invitrogen). The resultant cDNA samples were used for PCR amplification with the gene-specific primers. Quantitative real-time PCR was performed on the DNA Engine Opticon System (MJ Research) using the SYBR Green Realtime PCR Master Mix to monitor double-stranded DNA products. Data were calculated based on the comparative threshold cycle method. The relative expression of each Mg-starvation marker gene was double-normalized using the housekeeping gene *ACTIN2* and using the control expression values measured in the wild type when external Mg^2+^ is 1.5 mM.

Grafting Experiments
--------------------

Reciprocal grafting experiments were performed as previously described with minor modifications ([@B23]). Seeds were sown on MS medium containing 1% agar and 2% sucrose, and grown vertically in the growth chamber (22°C, 14-h-light/10-h-dark) after 2-day stratification at 4°C. Six-day-old *Arabidopsis* seedlings were transversely cut with a sharp blade in the middle position of the hypocotyl so that each individual seedling was divided into two parts. Subsequently, different parts of each material were re-assembled and grafted on half MS medium supplemented with 1.2% agar, 0.5% sucrose, 3 mg/L Benomyl \[methyl 1-(butylcarbamoyl)-2-benzimidazolecarbamate\], 0.02 mg/L IAA (indole acetic acid) and 0.04 mg/L 6-BA (6-benzylaminopurine). The grafted seedlings were grown vertically in the growth chamber for another 10 days to allow the formation of the graft union. Successfully unified seedlings with the same size and status were then transferred to the hydroponic culture for further experiments.

Measurement of the Mg and Ca Content
------------------------------------

Plant samples were harvested from root and shoot tissues, respectively, and briefly washed with ddH~2~O for 10 s. The samples were then thoroughly dried up in the oven at 80°C. The dry matters were collected in the 15 mL centrifuge tubes (ions free) and digested with 1 mL ultrapure HNO~3~ (Sigma-Aldrich) in the water bath at 95°C for 4 h. Digested samples were diluted to the appropriate concentrations with ddH~2~O, and the elemental concentrations were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES; PerkinElmer, Waltham, MA, United States).

Results
=======

Knockout Mutation in MGT6 Leads to Plant Hypersensitivity to Mg Deficiency
--------------------------------------------------------------------------

In a previous study, we have shown that knock-down of *MGT6* in transgenic plants by RNA interference resulted in growth retardation under low-Mg conditions ([@B21]). To further address the physiological role of MGT6, we isolated a previously unidentified T-DNA insertional mutant from the SALK collection (SALK_203866), in which the T-DNA insertion is located in the third exon of *MGT6*, 39 base pair (bp) upstream of the stop codon (**Figure [1A](#F1){ref-type="fig"}**). RT-PCR analyses showed that full-length *MGT6* transcript was not detectable in the *mgt6* mutant, while *MGT4* gene located in the same chromosome is normally expressed (**Figure [1B](#F1){ref-type="fig"}**). Consistent with earlier findings, mutation in *MGT6* leads to hypersensitivity to Mg limitation in that the *mgt6* mutants experienced growth defects at the germination stage (**Figures [1C--F](#F1){ref-type="fig"}**). When germinated on the medium containing no Mg^2+^ or 0.01 mM Mg^2+^, the *mgt6* mutants showed shorter roots and smaller and pale cotyledons (**Figures [1C,D](#F1){ref-type="fig"}**). In the presence of 0.25 mM Mg^2+^, *mgt6* seedlings appeared more normal, albeit still smaller than the wild-type (**Figure [1E](#F1){ref-type="fig"}**). Early seedling establishment during germination became comparable between wild-type and mutant plants when external Mg^2+^ reached 1.5 mM (**Figure [1F](#F1){ref-type="fig"}**). Statistical analysis of root length (**Figure [1G](#F1){ref-type="fig"}**) and seedling fresh weight (**Figure [1H](#F1){ref-type="fig"}**) verified the hypersensitivity to Mg deficiency in the *mgt6* mutant.

![The T-DNA insertional *mgt6* mutant is hypersensitive to Mg^2+^ deficiency. **(A)** Schematic diagram of the T-DNA insertion in the *mgt6* mutant. Exons and introns are depicted to scale by boxes and lines, respectively. The coding region of the gene is shown as black boxes while the 5′ and 3′ UTR of the cDNA is shown as light-shaded boxes. The position of the T-DNA is indicated by the triangle. **(B)** RT-PCR analysis of *MGT6* and *MGT4* in wild-type and *mgt6* seedlings. **(C--F)** Growth phenotype of young seedlings 6 days after seed germination on the medium supplemented with different concentrations of Mg^2+^. **(G)** Quantification of root length of 7-day-old seedlings. **(H)** Quantification of seedling fresh weight. Data represent means ± SE of four replicate experiments. Asterisks indicate significant difference between the wild type and *mgt6* mutant (Student's *t*-test, ^∗^*P* \< 0.05).](fpls-09-00274-g001){#F1}

Because MGT-type transporters are capable of transporting several divalent cations in bacteria and yeast ([@B17]; [@B22]), we examined the growth of *mgt6* mutant in the absence of other divalent cation nutrients. Whereas *mgt6* consistently displayed growth defects in the absence of Mg^2+^, seedling growth appeared indistinguishable between wild type and *mgt6* on the medium lacking other divalent cations including Ca^2+^, Fe^2+^, Mn^2+^, and Zn^2+^ (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). These data suggest that under physiological conditions MGT6 may function in plants to cope with variable external Mg status, but is not relevant to other divalent cations.

MGT6 Is Required for Plant Growth in *Arabidopsis* Under a Wide Range of External Mg^2+^ Concentrations
-------------------------------------------------------------------------------------------------------

To extend the phenotypic analysis of the *mgt6* mutant, we grew the seedlings of the mutant together with the wild-type plants on the plates containing various levels of Mg^2+^ in the post-germination assay. When grown on the low-Mg medium containing 0, 0.01, 0.05, or 0.25 mM Mg^2+^, the *mgt6* mutant plants were clearly stunted as compared with Col-0 (**Figure [2A](#F2){ref-type="fig"}**); the primary roots were shorter (**Figure [2B](#F2){ref-type="fig"}**) and the seedling fresh weight was significantly reduced (**Figure [2C](#F2){ref-type="fig"}**). Because Mg^2+^ is the central structural cation for chlorophyll, we analyzed the chlorophyll content in the young leaves and found that the mutant had a lower chlorophyll level under extremely low-Mg conditions (0, 0.01, and 0.05 mM Mg^2+^; **Figure [2D](#F2){ref-type="fig"}**). When the medium Mg^2+^ levels reached a moderate range (0.75, 1.25, and 3 mM), the growth of *mgt6* mutants appeared comparable to that of wild-type (**Figure [2A](#F2){ref-type="fig"}**), although primary root length or seedling fresh weight was slightly affected (**Figures [2B,C](#F2){ref-type="fig"}**). Notably, in the presence of 6 mM Mg^2+^ that is regarded as high, the *mgt6* seedlings exhibited a strong growth defect (**Figure [2A](#F2){ref-type="fig"}**), with much lower fresh weight (**Figure [2C](#F2){ref-type="fig"}**) and reduced chlorophyll content (**Figure [2D](#F2){ref-type="fig"}**) than wild-type plants. These data suggested that the *mgt6* mutant is not only compromised under low-Mg levels but also hypersensitive to high-Mg stress.

![*mgt6* mutant is hypersensitive to Mg^2+^ deficiency and excess. **(A)** Growth phenotype of 5-day-old young seedlings transferred onto the medium supplemented with indicated concentrations of Mg^2+^ for 10 days. **(B)** Quantification of primary root length of the seedlings at the end of treatment. **(C)** Quantification of seedling fresh weight. **(D)** Quantification of leaf chlorophyll content. Data represent means ± SE of four replicate experiments. Asterisks indicate significant difference between the wild type and *mgt6* mutant (Student's *t*-test, ^∗^*P* \< 0.05).](fpls-09-00274-g002){#F2}

To verify the observed phenotypes in the *mgt6* mutant resulted from *MGT6* mutation, we conducted a complementation test. A genomic fragment of *MGT6* was introduced into the *mgt6* mutant. Several homozygous transgenic lines with a similar *MGT6* transcript level to that in wild type were obtained (Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"}). Phenotypic analysis of two representative lines showed that seedling growth defects were fully rescued under both low- and high-Mg conditions (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}), suggesting MGT6 is indeed required for plant adaptation to Mg deficiency as well as plant tolerance to high-Mg stress.

To assess the function of MGT6 in mature plants, we grew wild-type and *mgt6* plants to flowering stage in the hydroponic solutions with defined levels of external Mg^2+^. We found that the *mgt6* plants showed compromised growth in all conditions tested (**Figure [3A](#F3){ref-type="fig"}**), but the growth difference was much more pronounced between wild-type and *mgt6* plants under extremely low (0.01 and 0.05 mM) and high-Mg^2+^ (10 mM) conditions, as revealed by the root and shoot biomass (**Figures [3B,C](#F3){ref-type="fig"}**). These results suggest that MGT6 is essential for plant growth at all developmental stages under a wide range of Mg^2+^ concentrations in the environment, and particularly plays an important role in plant adaption to low- and high-Mg^2+^ stresses.

![Mature plant phenotypes of *mgt6* mutants in a range of different external Mg^2+^ concentrations. **(A)** Growth phenotypes of 1-month-old wild-type plants and *mgt6* mutants under hydroponic conditions containing indicated concentrations of Mg^2+^. **(B)** Quantification of root biomass. **(C)** Quantification of shoot biomass. Data represent means ± SE of three replicate experiments. Asterisks indicate significant difference between the wild type and *mgt6* mutant (Student's *t*-test, ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01).](fpls-09-00274-g003){#F3}

MGT6 Controls Plant Mg^2+^ Homeostasis in Both Root and Shoot Tissues
---------------------------------------------------------------------

In order to investigate how plant Mg^2+^ homeostasis is affected by loss of *MGT6* function under various conditions, we measured metal content in the roots and shoots of the wild type and *mgt6*. We first employed the plant materials cultivated *in vitro* after 2 weeks' growth on the plates. As expected, compared with wild-type plants, we observed a dramatic decrease in Mg content in both roots and shoots of *mgt6* mutants grown under low (0.01 mM) Mg conditions (**Figure [4A](#F4){ref-type="fig"}**). In the presence of normal (1.5 mM) and high (6 mM) external Mg^2+^ levels, *mgt6* mutants also contained less Mg in both roots and shoots than wild-type plants, when the seedlings were grown on the plates (**Figure [4A](#F4){ref-type="fig"}**). Because Ca is usually associated with Mg homeostasis, we also measured Ca content in the plants. While Ca content in the root of *mgt6* mutant was slightly higher, we surprisingly found that Mg deficiency resulted in a drastic reduction in shoot Ca compared with wild-type (**Figure [4B](#F4){ref-type="fig"}**). The Ca content, like other parameters of plant growth, was comparable between the wild-type and mutant plants grown under 1.5 mM Mg^2+^ (**Figure [4B](#F4){ref-type="fig"}**). The *mgt6* mutant retained significantly less Ca in the root and slightly decreased Ca content in the shoot tissue when plants were cultured in 6 mM Mg^2+^ (**Figure [4B](#F4){ref-type="fig"}**).

![Mg and Ca content in the *mgt6* mutant under various growth conditions. **(A)** Mg content in the root and shoot of 2-week-old wild-type and *mgt6* plants grown on the plates containing indicated concentrations of Mg^2+^. **(B)** Ca content in the root and shoot of 2-week-old wild-type and *mgt6* plants grown on the plates containing indicated concentrations of Mg^2+^. **(C)** Mg content in the root and shoot of 4-week-old wild-type and *mgt6* plants grown in the hydroponic solutions containing various concentrations of Mg^2+^. **(D)** Ca content in the root and shoot of 4-week-old wild-type and *mgt6* plants grown in the hydroponic solutions containing various concentrations of Mg^2+^. Data represent means ± SE of four replicate experiments. Asterisks indicate significant difference between the wild type and *mgt6* mutant (Student's *t*-test, ^∗^*P* \< 0.05).](fpls-09-00274-g004){#F4}

We further measured the Mg and Ca content in the hydroponically grown mature plants. As the external Mg^2+^ levels increased, wild-type plants accumulated elevated amount of Mg in both root and shoot tissues. The *mgt6* plants generally showed a significant reduction in root Mg content compared with wild type, except under 10 mM Mg^2+^ (**Figure [4C](#F4){ref-type="fig"}**). However, the shoot Mg content between wild type and *mgt6* is most strikingly different under 10 mM Mg^2+^, although under some other concentrations of Mg^2+^, such as 0.05, 0.25, and 1.5 mM, *mgt6* mutant also contained lower Mg content in the shoot compared with wild type (**Figure [4C](#F4){ref-type="fig"}**). Plant Ca contents are negatively correlated with external Mg^2+^ levels. Under low-Mg conditions (0.01, 0.05, and 0.25 mM), an obvious elevation in root Ca was observed in the *mgt6* mutant (**Figure [4D](#F4){ref-type="fig"}**), presumably due to the antagonistic interaction between Mg and Ca. These results suggest MGT6 regulates plant Mg^2+^ homeostasis in both roots and shoots, and functions in a wide range of external Mg^2+^ concentrations at all developmental stages.

Grafting Assay Uncovers a Shoot-Based Mechanism for MGT6 Function in High-Mg Tolerance
--------------------------------------------------------------------------------------

While the low-Mg sensitive phenotype of *mgt6* can be explained by impaired Mg^2+^ uptake by root under Mg-limited conditions in the mutant, the high-Mg susceptibility of *mgt6* remains obscure. Since MGT6 controls both root and shoot Mg^2+^ homeostasis, we attempted to further investigate the mechanism by which MGT6 contributes to plant Mg^2+^ tolerance. Because MGT6 is widely expressed in plants, we decided to examine the relative contribution of MGT6 in roots versus in shoots through reciprocal grafting experiments between *mgt6* mutants and wild-type plants (**Figure [5](#F5){ref-type="fig"}**). When grown under low-Mg^2+^ conditions (0.01 mM), the shoots with wild-type scions and *mgt6* rootstocks appeared to be smaller than that of self-grafted wild-type plants, although the root looked similar. The grafted plants with *mgt6* scions and wild-type rootstocks were significantly smaller than wild-type self-grafted plants, but generally larger than *mgt6* self-grafted plants. Under the moderate level of Mg^2+^ (1.5 mM), both groups of the reciprocal grafted plants grew smaller than wild-type self-grafted plants. However, in the hydroponic culture containing 10 mM Mg^2+^, which is considered to be a toxic concentration, the grafted plants with *mgt6* scions and wild-type rootstocks phenocopied the defects seen in the *mgt6* self-grafts, whereas the grafted plants with wild-type scions and *mgt6* rootstocks resembled the phenotype of wild-type self-grafted plants (**Figure [5A](#F5){ref-type="fig"}**). We measured root and shoot fresh weight quantitatively, which verified the growth phenotypes (**Figures [5B,C](#F5){ref-type="fig"}**). These observations suggested that MGT6 is important in both root and shoot tissues when external Mg^2+^ is low and moderate. Presumably, MGT6-mediated absorption of external Mg^2+^ represents the dominant role under these conditions. When the external Mg^2+^ is extremely high, MGT6 function in the shoot becomes critical to detoxify excessive Mg^2+^ at the whole plant level. Consistent with this notion, wild-type scions grafted on mgt6 rootstocks lead to significantly lower root Mg^2+^ content under 0.01 and 1.5 mM Mg^2+^ conditions (**Figures [6A,B](#F6){ref-type="fig"}**). In the presence of 10 mM external Mg^2+^, shoots from *mgt6* grafted onto wild-type rootstocks retained much less Mg^2+^ in the shoot, similar to that observed in self-grafted *mgt6* plants (**Figure [6C](#F6){ref-type="fig"}**). This further supported the idea that MGT6 fulfills a shoot-based mechanism to detoxify excessive Mg^2+^, which could involve vacuolar Mg^2+^ storage based on the observation of lower Mg content in the mutant shoots.

![Phenotypic analysis of reciprocal grafting of wild-type and *mgt6* plants. **(A)** Growth phenotypes of 1-month-old grafted plants with different combinations under hydroponic conditions containing indicated concentrations of Mg^2+^. The genotype of the shoot scion is indicated in the upper part and the genotype of the rootstock is indicated in the lower part. Scale bar = 2 cm. **(B)** Quantification of root biomass. **(C)** Quantification of shoot biomass. Data represent means ± SE of three replicate experiments. Columns with different letters indicate significant difference (one-way ANOVA test, *P* \< 0.05).](fpls-09-00274-g005){#F5}

![Mg content in grafted plants under different external Mg^2+^ conditions. **(A--C)** Determination of Mg content in the root and shoot tissues of four types of grafted plants grown in the hydroponic solutions containing different concentrations of Mg^2+^ (0.01, 1.5, and 6 mM). Data represent means ± SE of four replicate experiments. Columns with different letters indicate significant difference (one-way ANOVA test, *P* \< 0.05).](fpls-09-00274-g006){#F6}

Functional Synergy of MGT6 and MGT7 in *Arabidopsis*
----------------------------------------------------

*Arabidopsis MGT7* encodes a low-affinity Mg^2+^ transporter ([@B22]) and is indispensable for optimal plant growth under low-Mg^2+^ conditions ([@B12]). To investigate the functional interaction between MGT6 and MGT7, we created a double mutant that lacks both *MGT6* and *MGT7* transcripts (Supplementary Figure [S3A](#SM1){ref-type="supplementary-material"}). We found that the *mgt6 mgt7* double mutant displayed pronounced growth retardation in the soil (Supplementary Figure [S3B](#SM1){ref-type="supplementary-material"}). Quantitative analysis indicated that the shoot fresh weight of the double mutant was only half of that of the wild type and single mutants (Supplementary Figure [S3C](#SM1){ref-type="supplementary-material"}).

We examined the growth phenotype of *mgt6 mgt7* double mutant under various external Mg^2+^ concentrations, in comparison with wild-type as well as the *mgt6* and *mgt7* single mutants. While *mgt6* single mutants exhibited very strong growth defects under both low- and high-Mg conditions, the phenotype of *mgt7* single mutant under the same condition was mild (**Figure [7A](#F7){ref-type="fig"}**). However, the *mgt6 mgt7* double mutant was significantly more sensitive to external Mg^2+^ than the *mgt6* single mutant (**Figure [7A](#F7){ref-type="fig"}**). The primary root of *mgt6 mgt7* was shorter than that of *mgt6* under low-Mg conditions (**Figure [7B](#F7){ref-type="fig"}**), although seedling fresh weight was comparable (**Figure [7C](#F7){ref-type="fig"}**). The leaf chlorophyll content in *mgt6 mgt7*was lower compared with *mgt6* when high Mg^2+^ is present in the medium (**Figure [7D](#F7){ref-type="fig"}**).

![The *mgt6 mgt7* double mutant shows enhanced sensitivity to low- and high-Mg stresses than the single mutants. **(A)** Growth phenotype of 5-day-old young seedlings transferred onto the medium supplemented with indicated concentrations of Mg^2+^ for 10 days. **(B)** Quantification of primary root length of 15-day-old seedlings at the end of treatment. **(C)** Quantification of seedling fresh weight. **(D)** Quantification of leaf chlorophyll content. Data represent means ± SE of four replicate experiments. Columns with different letters indicate significant difference (one-way ANOVA test, *P* \< 0.05).](fpls-09-00274-g007){#F7}

Gene expression analysis indicated that a handful of gene markers ([@B14]) were more responsive to Mg-starvation in the *mgt6* or *mgt7* mutant background than in the wild type, suggesting that the *mgt6* and *mgt7* mutants are impaired in low-Mg^2+^ adaptation. Consistent with the more severe phenotype, the *mgt6 mgt7* double mutant displayed enhanced expression of Mg-starvation marker genes compared with the single mutants (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}). Taken together, these results indicate both MGT6 and MGT7 are important for plant Mg homeostasis and their functions are additive in regulating Mg^2+^ transport under a wide range of external Mg^2+^ concentrations.

Discussions
===========

In addition to air and water, plant growth and development rely on mineral nutrients taken up by roots and translocated into the shoot tissues through apoplast and symplast pathways, which entail not only transpiration-driven mass flow but also active membrane transport processes facilitated by various ion channels and transporters. Mg is an essential macronutrient in plants with diverse biological functions. However, the molecular mechanisms for Mg transport and homeostasis in plant cells remain largely unknown. Genomes of many plants such as *Arabidopsis*, rice, and maize, encode homologs of the bacterial CorA-type proteins referred to as MGTs/MRS2s ([@B17], [@B15]; [@B28]). Some members of the MGT family have been functionally characterized, but the physiological roles of these transporters are not well understood. In *Arabidopsis*, we previously showed that MGT6 is capable of facilitating high-affinity Mg^2+^ uptake from the soil when external Mg^2+^ concentration is in the sub-millimolar range ([@B21]). Consistent with this role, expression of the *MGT6* gene is highly inducible in the root tissues in response to low Mg ([@B21]). In the present study, we not only corroborated earlier findings regarding the critical role of MGT6 in low-Mg adaptation, but also extended the function of MGT6 in controlling plant Mg^2+^ homeostasis within a wide range of external Mg^2+^ levels. The *mgt6* knock-out mutant displayed obvious phenotype under high-Mg conditions, suggesting MGT6 exerts physiological functions in plants other than Mg^2+^ absorption. In higher plants, after absorption from the soil solution by roots, Mg^2+^ is believed to be transported to the aerial parts via transpiration stream moving through the xylem vessels. However, little is known about the molecular identity of the transporters involved in this long-distance transport. MGT6 might fulfill such a role in the xylem transport of Mg^2+^. Considering the negative membrane potential, Mg^2+^ is expected to be loaded passively into the pericycle cells. MGT6 may be responsible for Mg^2+^ import into pericycle and xylem parenchyma cells. On the other hand, the possibility that MGT6 serves as an "exporter" in this process cannot be excluded. It is generally believed that ion secretion occurs across plasmalemma of the parenchyma cells surrounding the xylem vessels ([@B5]; [@B11]). Interestingly, MGT5, the closest homolog of MGT6 in *Arabidopsis*, was shown to be a bidirectional Mg^2+^ carrier that operates in a concentration-dependent manner ([@B18]). Therefore, it is possible that MGT6 might also function in Mg^2+^ efflux from xylem parenchyma cells, pushing Mg^2+^ influx into the xylem vessel. Future electrophysiological analysis of MGT6 conductance is required to test this hypothesis.

Although Mg^2+^ is an essential mineral, high levels of Mg^2+^, such as those in the serpentine soils, could be toxic to plants. Recently we established that vacuolar sequestering of Mg^2+^, regulated by the tonoplast CBL-CIPK signaling network, is crucial for plants to survive under high-Mg conditions ([@B35]). In the present work, we uncovered another component mainly fulfilled by MGT6 that underlies high-Mg tolerance at the whole plant level. Previous studies indicate that serpentine-adapted plants appear to efficiently transport Mg^2+^ from root to shoot, whereas the serpentine-sensitive counterparts are less capable of driving Mg^2+^ entry into the transpiration stream, resulting in a lower Mg^2+^ concentration in the shoot ([@B26]). Consistent with this finding, our physiological analysis of *mgt6* mutant under high-Mg conditions showed that *mgt6* retained considerably less Mg^2+^ in the shoot tissue compared to wild-type, accompanied by the growth retardation upon high-Mg stress. These data support the notion that long-distance Mg^2+^ transport mediated by MGT6 may play a critical role in protecting plants from Mg^2+^ toxicity at the whole plant level. More importantly, reciprocal grafting test indicated that MGT6 function in the shoot tissue is responsible for the high-Mg^2+^ tolerance. Considering the plasma membrane localization of MGT6, it is reasonable to speculate that MGT6 probably facilitates Mg^2+^ entry into the cytosol of leaf cells after the Mg^2+^ ions in the xylem unload into the apoplastic space. The excessive Mg^2+^ in the cytosol is subsequently sequestered into the central vacuole via tonoplast-localized Mg^2+^ transporters. This transport cascade is critical for detoxification of excessive Mg^2+^, which is reminiscent of a recent model proposed for Ca^2+^ detoxification in plants ([@B37]).

Another notable finding in this study is that another MGT-type transporter MGT7 partially overlaps with the function of MGT6. With a preferential expression in the root, MGT7 was shown to be important for plant adaptation to low-Mg conditions ([@B12]). In our study, we found that although MGT6 plays a more dominant role in low-Mg conditions, MGT7 seems to be additive to MGT6 function because *mgt6 mgt7* double mutant is more sensitive to low-Mg stress than the *mgt6* single mutant, which is also supported by the enhanced activation of Mg-starvation gene expression in the double mutant. Interestingly, under high-Mg conditions, mutation of MGT7 also significantly enhanced the sensitivity of *mgt6*, although single mutant of *mgt7* only exhibited a subtle phenotype under the same condition. These results suggest that MGT7 synergistically works together with MGT6 in the context of Mg^2+^ homeostasis at the whole plant level. Further investigations will sort out the mode of action for each of them to explain this functional synergy.

Subcellular localization of the MGT proteins may prove to be difficult to study. For instance, recent studies reported discrepant cellular localizations for MGT6 in the plasma membrane ([@B21]) and endoplasmic reticulum (ER; [@B25]), respectively. Several other MGT members such as MGT7 ([@B12]) and MGT4 ([@B16]) were also shown to be ER-associated, which needs to be re-evaluated because quite a few membrane proteins tend to be mis-targeted to ER, especially when overexpressed in a transient expression system ([@B8]; [@B27]; [@B30]). Future studies using the native promoter, coupled with functional complementation in the mutant background as well as other approaches, are needed to verify the subcellular localization of MGT-type transporters *in situ*. It will also be interesting to examine if the targeting of MGT6 or MGT7 would be dynamically altered in different subcellular compartments in response to various Mg^2+^ concentrations.

As sessile organisms, plants have to cope with fluctuating concentrations of Mg^2+^ in nature. How plants maintain a balanced level of Mg^2+^ is not well understood. The present study as well as our previous work provides a working model in which MGT6 plays a dual role in controlling Mg^2+^ homeostasis. When external Mg^2+^ is limited, expression of *MGT6* is induced in root epidermal cells and root hairs, making this transporter primarily responsible for Mg^2+^ uptake from the soil. When external Mg^2+^ is sufficient or becomes excessive, MGT6 mediates Mg^2+^ loading into the shoot tissues, where leaf mesophyll cells can subsequently sequester extra amount of Mg^2+^ into large vacuoles via yet-unknown transporters. Future efforts should be made in identifying uncharacterized Mg^2+^ transport proteins in plants. Furthermore, establishing the regulators and signaling pathways that fine-tune the expression and function of these transport systems will be a challenging but urgent task, which will ultimately lead to genetic manipulation of plants for precise adaption to the changing Mg^2+^ concentrations in the environment.
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